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Rational design of amphiphilic BODIPY-based
photosensitizers for multimodal imaging-guided
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The design of effcient photosensitisers for cancer theranostics is of great importance, especially for

multimodal-imaging-guided synergistic therapy. The key to achieving accurate imaging-guided photo-

therapy is to balance the energy distribution between fluorescence imaging, photodynamic therapy

(PDT) and photothermal therapy (PTT). Herein, we propose a strategy of introducing hydrophilic chains

and halogen atoms in boron dipyrromethene (BODIPY), which can self-assemble into J-aggregate

nano-micelles in water with free BODIPY molecules in the cavity, enabling both imaging and multiple

therapeutics. Remarkably, the degree of J-aggregation of the nanoparticles (NPs) varies under the

influence of the steric effects of the 3,5-position group of BODIPY. In particular, BDPN NPs with suitable

nano-size, strong NIR-absorption, applicable fluorescence quantum yield (Ff = 3.0%), satisfactory

photothermal conversion efficiency (PCE = 54.9%) and favorable singlet oxygen quantum yield (FD =

40.76%) were proved to completely destroy 4T1 tumors under 808 nm laser irradiation without

significant dark cytotoxicity, enabling synergistic PDT/PTT guided by fluorescence/photothermal/

photoacoustic imaging. This study provides an emerging strategy for cancer therapy and a novel idea for

the future development of new efficient photosensitizers.

Introduction

Cancer is one of the most important health problems facing
human beings, and how to carry out effective cancer diagnosis
and treatment is a major challenge in the current biomedical
field. Traditional therapeutic methods, such as surgery,1

radiotherapy,2 chemotherapy3 and targeted therapy,4 can effec-
tively kill tumor cells, but they also have disadvantages includ-
ing low targeting, lack of specificity, drug resistance and strong
side effects. Therefore, it is urgent to find more effective, safe
and reliable means of diagnosing and treating cancer. Since
1998, when John Funkhouser first introduced the concept of
theranostics,5 it has been developed into a new biomedical
technology that integrates diagnosis or monitoring of disease
with treatment. Compared with single diagnosis or treatment,
theranostics has shown great potential for real-time monitoring
and timely feedback of drug treatment process.6–9

Photodynamic therapy (PDT) has been widely studied in
recent years as a novel cancer treatment with the advantages of
non-invasiveness, high selectivity, excellent repeatability and
low systemic cytotoxicity.10–14 PDT is the production of cyto-
toxic reactive oxygen species (ROS) after light activation of non-
toxic photosensitizers (PSs) in the tumor area, which has the
ability to kill the tumor. Photosensitizer (PS) plays a major role
in the process of PDT.15 The mechanism is that after light
activation, PS will interact with oxygen and hydrogen peroxide
at the tumor site to produce cytotoxic ROS, such as singlet
oxygen (1O2), superoxide anion (O2

��), hydroxyl radical (�OH),
etc., which can kill the diseased cells and tissues to achieve
therapeutic effects.15–17 However, continuous PDT can rapidly
deplete oxygen and exacerbate the tumor hypoxic microenvir-
onment, which further leads to severe limitations of PDT.18–20

To overcome this defect, PDT can be combined with other
therapies, such as photothermal therapy (PTT),21 chemother-
apy (CT),22,23 chemodynamic therapy,24 and immunotherapy,25

to achieve a mutually beneficial therapeutic effect. PS in the
excited singlet state (S1) can either reach the excited triplet state
(T1) and generate ROS for PDT through intersystem crossing
(ISC), or return to the ground state (S0) and generate heat for
PTT through non-radiative transition, which can kill cancer
cells by raising the local temperature of the tumor and make up
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for the dilemma of oxygen deprivation of PDT simultaneously.
Moreover, PTT is usually accompanied by photothermal imaging
(PTI) and photoacoustic imaging (PAI),26–29 which provides a
direction to design a PS with imaging capability and multiple
phototherapeutic capabilities in one. Among various photosensiti-
zers, boron dipyrromethane (BODIPY)30–33 stands out for its better
photostability, applicable fluorescence quantum yield and molar
extinction coefficient, has been widely used in fluorescent probes,34

biosensors35 and bioimaging.36 Through rational design, such as
building D–A structures,37 adjusting the degree and length of
conjugation,38 restricting conformational39 and constructing J-
aggregation,40 the multiple sites of BODIPY can be modified to
adjust wavelength to reach the near-infrared region (NIR), resulting
in better tissue penetration and imaging ability. However, the
generation of fluorescence usually attenuates its ISC and non-
radiative transition, so a reasonable balance of the three processes
is the key to obtain excellent theranostics efficiency.

Based on the above ideas, we designed and synthesized a
series of iodine-containing hydrophilic BODIPYs with different
electron donors (N,N-diethylphenyl, 1-methylindolyl, N-
ethylcarbazolyl and julonidine) attached to the 3- and 5-
positions of the BODIPY nuclei by the carbon–carbon double
bonds to drive the wavelength to the near-infrared region
(Scheme 1). Due to the introduction of iodine atoms and the
hydrophilic interaction of hydrophilic chains, halogen bonding
(XB) interactions41,42 and p-stacking interactions43 exist
between molecules, which can self-assemble into anti-parallel
J-aggregate forms in water.44 The formation of J-aggregates can
not only lead to redshift and strong NIR absorption, but also
severely suppress fluorescence emission and ISC, resulting in
the dissipation of most energy through non-radiative transi-
tion, which is conducive to the acquisition of PTT/PTI/PAI
capabilities. Furthermore, due to the effect of the steric hin-
drance of the 3,5 sites of BODIPY and the iodine atom, the four

Scheme 1 The schematic representation of (a) amphiphilic iodine-containing BODIPY possessing different groups forming water-stable nanoparticles
by self-assembly, (b) photophysical processes leading to fluorescence, 1O2 and heat generation, and (c) synergistic phototherapy for multimodal imaging
guidance in vivo.
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as-prepared molecules formed different degrees of J-
aggregation. Therefore, the obtained NPs not only have the
ability of PTT, but also have PDT effect and fluorescence
imaging ability. The properties of BDPN NPs, BDPI NPs, BDPC
NPs and BDPJ NPs were examined by spectral characterisation,
fluorescence quantum yield detection, photodynamic testing
and photothermal testing. Promisingly, BDPN NPs, BDPC NPs
and BDPJ NPs showed excellent fluorescence and photother-
apeutic effects. The in vitro and in vivo tumor treatment and
imaging effects of the above three NPs on 4T1 tumors were
systematically investigated under 808 nm laser irradiation. The
BDPN NPs with synergistic phototherapeutic ability not only
efficiently destroyed 4T1 tumors, but also combined multiple
imaging capabilities. This work proposed a nanotherapy system
that can modulate the degree of conjugation and aggregation
to obtain synergistic phototherapy with multimodal imaging
guidance.

Results and discussion
Synthesis and characterization

The precursor compound iodine-containing BODIPY was pre-
pared according to literature procedures.45 Subsequently, a
series of BODIPYs (BDPN/BDPI/BDPC/BDPJ) with D–A–D
conjugated structures were synthesized by the Knoevenagel
reaction, which connected various electron donors (N, N-
diethylphenyl, 1-methylindole, N-ethylcarbazole and juloni-
dine) to the 3- and 5-positions of the BODIBY core via a double
bond bridge, and the detailed synthetic route can be found in
Scheme S1 (ESI†). Then, the structures of the synthesized four
compounds were characterized by 1H NMR, 13C NMR, 19F NMR
and HRMS (see ESI† for details). Through changing different
electronic structures, the intramolecular charge transfer (ICT)
and ISC ability can be systematically regulated. In order to
investigate the rationality of the molecular design, the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) distributions and energy gaps (DEST)
between the lowest excited singlet state and the lowest triplet
state of the four compounds were researched by density func-
tional theory (DFT) calculations (Fig. 1a). The absorption spec-
tra (Fig. 1b) exhibited that the maximum absorption
wavelengths of BDPN, BDPI, BDPC and BDPJ in CH2Cl2 were
755 nm, 724 nm, 698 nm and 791 nm, respectively, which were
consistent with the theoretical calculations (Fig. 1b). Addition-
ally, the molar extinction coefficient was calculated to be 9.64 �
104 M�1 cm�1 for BDPN, 4.17 � 104 M�1 cm�1 for BDPI, 8.31 �
104 M�1 cm�1 for BDPC and 3.42 � 104 M�1 cm�1 for BDPJ,
which displayed a high light absorption and contributed to
better light utilisation. According to the fluorescence spectra
(Fig. 1c), BDPJ exhibits the maximum fluorescence emission of
924 nm compared to BDPN (853 nm), BDPI (773 nm), BDPC
(739 nm), but its fluorescence quantum yield of 5.95% is
significantly lower than that of BDPN (12.75%), BDPI
(24.34%), BDPC (25.32%). The optical properties mentioned
above could demonstrate their potential NIR fluorescence

imaging capability. In addition, the small DEST also implied
that the four compounds should have a good ROS generation
capacity for effective photodynamic therapy.

Nanoparticle morphology and optical property

The introduction of long hydrophilic chains enabled the mole-
cules to form NPs by self-assembly in water through hydrophilic
and hydrophobic interactions. The critical aggregation concen-
trations (CAC) were calculated to be 1.61 � 10�5 M for BDPN,
1.44 � 10�5 M for BDPI, 1.47 � 10�5 M for BDPC, and 1.41 �
10�5 M for BDPJ (Fig. S18, ESI†). The morphology and size of
these NPs prepared by self-assembly were determined by trans-
mission electron microscopy (TEM) and dynamic light scatter-
ing (DLS). DLS data indicated that the average hydrodynamic
sizes of BDPN NPs, BDPI NPs, BDPC NPs and BDPJ NPs were
153 nm, 96 nm, 145 nm and 246 nm, respectively (Fig. 1d, e and
Fig. S21, ESI†). TEM images showed that all the four NPs had a
homogeneous spherical morphology, but their sizes were
slightly different from those of DLS. BDPN NPs, BDPC NPs,
and BDPJ NPs all decreased in size by approximately 50 nm,
possibly due to differences in hydrophilic chain spreading in
water,46 whereas the size of BDPI NPs increased by about
30 nm, which may be due to aggregation. The particle sizes
of NPs were further tested after staying for several consecutive
days, and BDPN NPs, BDPC NPs and BDPJ NPs showed slightly
changes within seven days, demonstrating good particle size
stability. While the particle size of BDPI NPs gradually
increased, which may be induced by the occurrence of aggrega-
tion (Fig. 1f). Above all, these NPs with appropriate particle
sizes allow potential passive targeting of tumors through
enhanced permeability and retention (EPR) effects.47

Then, we investigated the photophysical properties of NPs in
water. They all exhibited significant absorption redshift due to
J-aggregation caused by the presence of hydrophilic chains and
XB interactions (Fig. 1b). The maximum absorption peaks of
BDPN NPs, BDPI NPs, BDPC NPs and BDPJ NPs in water were
red-shifted to 860 nm, 798 nm, 737 nm and 800 nm, respec-
tively. For example, BDPN exhibited a characteristic maximum
absorption peak at 745 nm in pure THF. As the water fraction of
the THF/water mixture was increased, the maximum absorp-
tion was red-shifted, and the new maximum absorption peak
appeared at 860 nm in pure water with the absorption red-shift
of 105 nm, demonstrating the J-aggregation of BDPN (Fig. 1g).
However, the shoulder absorption peak at 745 nm was still
observed which may be attributed to some of the free BDPN in
the micelles formed by BDPN in water. Just like BDPN, the
absorption of the other three NPs also showed varying degrees
of redshift, suggesting that the introduction of different groups
did lead to different degree of J-aggregation (Fig. S19, ESI†). The
dihedral angles between the BODIPY nucleus and different
groups at 3,5-positions were investigated by theoretical calcula-
tions as BDPN for 36.7 Å, BDPI for 28,72 Å, BDPC for 39.02 Å,
BDPJ for 21.18 Å. The calculation of the dihedral angle showed
that the larger the dihedral angle between the BODIPY nucleus
and the different groups, the lower the degree of J-aggregation
(Fig. S20, ESI†). Fluorescence quantum yields of BDPN NPs,
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BDPI NPs, BDPC NPs and BDPJ NPs were measured for 3.0%,
2.0%, 1.52% and 1.26%, respectively by the integrating sphere
method. The formation of J-aggregation typically significantly
inhibited the singlet radiative decay pathway, leading to restrict
fluorescence emission. As shown in Fig. 1c, the maximum
fluorescence emission wavelengths of BDPN NPs, BDPI NPs,
BDPC NPs and BDPJ NPs were 910 nm, 877 nm, 804 nm and
1064 nm, respectively. Although fluorescence quantum yields
had fallen dramatically compared to free molecules, NPs still
showed imaging capability on account of NIR emission. Sur-
prisingly, the emission of BDPJ NPs even reached the second
near-infrared region (NIR-II, 1000–1700 nm). This excellent NIR

florescence property allows these NPs to be tracked simulta-
neously during the phototherapy.

Photodynamic effect and photothermal performance

A good resistance to photobleaching is a prerequisite for
effective phototherapy. To assess the photostability of BDPN
NPs, BDPI NPs, BDPC NPs and BDPJ NPs, the absorbance at
maximum absorption of NPs was monitored after being irra-
diated with 808 nm laser (0.5 W cm�2). The absorbance of
BDPN NPs, BDPC NPs and BDPJ NPs was decreased by less than
20% after 16 min irradiation, while the absorbance of BDPI NPs
was decreased as rapidly as that of ICG (Fig. 2a and Fig. S26,

Fig. 1 (a) The optimized geometry and HOMO and LUMO orbitals acquired from DFT calculations (B3LYP) of BDPN, BDPI, BDPC and BDPJ in the ground
state (S0). (b) The absorption and (c) normalized fluorescence spectra of free molecules in CH2Cl2 and nanoparticles in water (10 mM). (d) The average
hydrodynamic size of BDPN NPs (Insert: the TEM image of BDPN NPs. Scale bar: 200 nm). (e) The average hydrodynamic size and (f) dimensional stability
of BDPN NPs, BDPI NPs, BDPC NPs and BDPJ NPs. (g) UV-vis spectra of BDPN in THF/water mixtures (10 mM).

Research Article Materials Chemistry Frontiers

Pu
bl

is
he

d 
on

 2
6 

 2
02

3.
 D

ow
nl

oa
de

d 
on

 0
2/

05
/2

5 
16

:4
8:

39
. 

View Article Online

https://doi.org/10.1039/d3qm00239j


3672 |  Mater. Chem. Front., 2023, 7, 3668–3679 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

ESI†). Subsequently, electron spin resonance (ESR) spectro-
scopy was used to determine the type of ROS produced,
using 5,5-dimethyl-1-pyrrolenoxide (DMPO) and 2,2,6,6-
tetramethylpiperidine (TEMP) as the O2

��/�OH probe and the
1O2 probe, respectively.48 After 808 nm laser irradiation, a
typical triple peak of 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) appeared, but the characteristic peak of O2

��/�OH
captured by DMPO did not be observed, proving that 1O2 was
the only ROS species produced by the NPs upon light irradia-
tion (Fig. 2b and Fig. S22, ESI†). The generation of 1O2 by NPs is
one of the principal parameter in PDT, and PDT efficacy is
assessed by the rate of singlet oxygen production. The 1O2

production rate of NPs under laser irradiation (808 nm,
0.1 W cm�2) was investigated by observing the change in
absorbance at 415 nm using 1,3-diphenylisobenzofuran (DPBF)
as an indicator. As shown in Fig. 2c and Fig. S23 (ESI†), a
significant decrease in DPBF absorption at 415 nm occurred,
proving that they generated a large amount of 1O2 under laser
irradiation, and BDPN NPs and BDPC NPs exhibited better ROS

generation abilities. Represented by BDPN NPs, the production
rate of 1O2 was found to be dependent on concentration and
power (Fig. 1d, e and Fig. S24, 25, ESI†). The singlet oxygen
quantum yield of these NPs was detected to quantitatively
assess the efficiency of 1O2 production and ICG was used as a
standard (FD = 0.14% in water). The singlet oxygen quantum
yields of BDPN NPs, BDPI NPs, BDPC NPs and BDPJ NPs in
water were calculated to be 40.76%, 46.88%, 88.23% and
9.33%, respectively (Fig. S27, ESI†). Although both BDPN NPs
and BDPC NPs had similar rates of 1O2 production, the value of
BDPC NPs was much higher than that of BDPN NPs, resulting
from the low absorbance of BDPC NPs at 808 nm. According to
the DEST (Fig. 1a and Table S1, ESI†), BDPJ NPs should have
better singlet oxygen productions, but BDPJ NPs turned out to
have poor 1O2 production capacities, which can also indirectly
indicate that J-aggregation occurred. Additionally, all NPs
retained different 1O2 production capabilities, which could also
indicate that there are still free molecules in the cavities of the
formed NPs.

Fig. 2 (a) The absorbance changes of BDPN NPs, BDPI NPs, BDPC NPs, BDPJ NPs and ICG under 808 nm irradiation (0.5 W cm�2, 16 min) at maximum
absorption peak. (b) ESR spectra of 1O2 generation captured by TEMPO under 808 nm irradiation. (c) The 1O2 generation of BDPN NPs, BDPI NPs, BDPC
NPs, BDPJ NPs (5 mM) using DPBF as a 1O2 probe under 808 nm irradiation (0.1 W cm�2). The 1O2 generation of BDPN NPs at different concentrations (d)
or laser powers (e). (f) The temperature changes and (i) thermal images of BDPN NPs, BDPI NPs, BDPC NPs and BDPJ NPs (30 mM) under 808 nm laser
irradiation (0.5 W cm�2) at different time intervals. (g) The temperature curves of BDPN NPs exposed to 808 nm laser (0.5 W cm�2, 10 min) and
subsequently natural cooling (Inset: Linear fitting of �ln y and time). (h) Photothermal stability study of BDPN NPs (30 mM) during six irradiation/cooling
cycles under 808 nm laser irradiation (0.5 W cm�2).
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Radiation transition and ISC process were suppressed due to
the occurrence of J-aggregation, so J-aggregates contributed to a
non-radiative transition that generated a large amount of heat,
promoting us to probe the phototransformation behaviour of
NPs. The temperature elevation of four NPs (30 mM) under laser
irradiation (808 nm, 0.5 W cm�2) for 10 minutes were examined
by thermal imaging technology. These results showed that the
temperature rise (DT) of BDPN NPs was about 29 1C, which is
18 1C and 8 1C higher than that of BDPC NPs or BDPJ NPs at the
same concentration (Fig. 2f and i). The PCE values of BDPN
NPs, BDPC NPs and BDPJ NPs were calculated to be 54.9%,
21.45% and 30.07%, respectively (Fig. 2g and Fig. S29, ESI†).
However, due to the poor photostability of BDPI NPs, the
temperature started to drop after 6 minutes of laser irradiation,
indicating that most of the BDPI NPs were destroyed and
unsuitable for further tumor imaging and therapy. Above all,
BDPN NPs had the ability to combine PDT and PTT. The
therapeutic effect of BDPJ NPs was dominated by PTT, which
had some photothermal conversion capability, but it still
exhibited lower absorbance and photothermal conversion effi-
ciency compared to BDPN NPs. BDPC NPs mainly reflected the
PDT efficacy due to low temperature rise and low PCE. Taking

BDPN NPs with the best photothermal performance as a
representative, it was found that BDPN NPs were also
concentration-dependent and power-dependent (Fig. S28,
ESI†). Furthermore, we examined the photothermal stability
of BDPN NPs, BDPC NPs and BDPJ NPs by means of five hot/
cold cycles (Fig. 2h and Fig. S30, ESI†). The temperature
elevation of BDPN NPs and BDPJ NPs remained almost con-
stant over 5 cycles of 808 nm laser irradiation, indicating
inappreciable damping of the photothermal conversion capa-
city. In contrast, BDPC NPs had poor photothermal
stability because the temperature couldn’t rise to a similar
degree after laser irradiation. Based on the above experiments,
it can be summarized that BDPN NPs are outstanding candi-
dates for cancer diagnosis and treatment under synergistic
phototherapy.

Antitumor therapy in vitro

Good internalisation is a prerequisite for achieving effective
phototherapy and imaging. Thus, BDPN NPs, BDPC NPs and
BDPJ NPs were further investigated biologically due to the poor
photostability of BDPI NPs. First, they (1 mg mL�1) were
evaluated for internalisation by 4T1 tumor cells (Fig. 3a).

Fig. 3 (a) CLSM imagesof 4T1 tumor cells treated with BDPN NPs, BDPC NPs and BDPJ NPs for 4 h and processed fo rdifferent times for flow cytometry
analysis (Scale bar: 50 mm). (b) ROS generation of BDPN NPs, BDPC NPs and BDPJ NPs using DCFH-DA as an indicator in 4T1 tumor cells under 808 nm
laser irradiation (1.0 W cm�2, 1 min) (Scale bar: 100 mm). (c) Cell viability of 4T1 tumor cells treated with BDPN NPs at different concentrations under laser
irradiation (1.0 W cm�2, 3 min) or darkness. (d) Cell viability of 4T1 tumor cells treated with BDPN NPs under laser irradiation or darkness, or laser
irradiation together with VC (1.0 � 10�3 M) or ice bath. (e) Live/dead costaining images of 4T1 tumor cells treated with BDPN NPs, BDPC NPs and BDPJ
NPs (0.6 mg mL�1) under laser irradiation (1.0 W cm�2, 3 min) (Scale bar: 100 mm).
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Intracellular distribution in 4T1 tumor cells was observed by
confocal laser scanning microscopy (CLSM). It could be
observed that all three NPs (red fluorescence) were mainly
internalised into the cytoplasm outside the nucleus (blue
fluorescence, stined by Hoechst 33342). Then, the cell uptake
of them in 4T1 tumor cells at different times was further
explored by flow cytometry. With the increase of incubation
times, the fluorescence values in the collected cells were
increased, indicating that NPs were gradually being taken up
by 4T1 tumor cells. Furthermore, most of the NPs were largely
taken up by 4T1 tumor cells after two hours of incubation.

Excellent photosensitizers should have the characteristics of
high level of phototoxicity and low level of dark toxicity. Thus,
we determined the phototoxicity and dark toxicity of three NPs
by MTT assays. Different concentrations of BDPN NPs, BDPC
NPs and BDPJ NPs were incubated with 4T1 tumor cells for 24
h, followed by darkness/laser irradiation (808 nm, 1.0 W cm�2)
treatment, respectively. According to Fig. 3c and Fig. S31a, b
(ESI†), both BDPN NPs and BDPJ NPs exhibited negligible
cytotoxicity, whereas BDPC NPs showed significant concen-
tration-dependent dark toxicity in the darkness. BDPN NPs
demonstrated extremely strong photocytotoxicity at lower con-
centrations (0.6 mg mL�1) under 3 min of laser irradiation. In
contrast, the photocytotoxicity of BDPC NPs and BDPJ NPs
increased with increasing concentrations, but remained weaker
compared to BDPN NPs. The IC50 values for BDPN NPs,
BDPC NPs and BDPJ NPs were calculated to be 0.40 mg mL�1,
0.96 mg mL�1 and 2.23 mg mL�1, respectively. Clearly, BDPN
NPs exhibited better phototoxicity and dark toxicity compared
to BDPC NPs and BDPJ NPs, and we speculated that BDPN NPs
have a better synergistic phototherapeutic effect. To further
distinguish the killing effects of single PDT or PTT on 4T1
tumor cell, we investigated the photocytotoxicity of NPs with
ROS scavenger Vitamin C (VC) and ice bath, respectively (Fig. 3d
and Fig. S31c, d, ESI†). The addition of VC effectively blocked
the PDT effect, and increased the IC50 values of BDPN NPs,
BDPC NPs and BDPJ NPs to 0.92 mg mL�1, 1.29 mg mL�1 and
2.42 mg mL�1. Similarly, temporary incubation of 4T1 tumor
cells at 4 1C during laser irradiation effectively blocked the PTT
effect, and the IC50 values of BDPN NPs, BDPC NPs and
BDPJ NPs were increased to 1.11 mg mL�1, 1.02 mg mL�1, and
3.16 mg mL�1, respectively. The presence of PDT/PTT synergistic
effect on photocytotoxicity of NPs could be determined by
calculating the association index (CI), and the calculated CI
of BDPN NPs is 0.86 (CI o 1.0 is considered synergistic), while
those of BDPC NPs and BDPJ NPs are 1.68 and 1.63, indicating
the absence of synergy. To further corroborate the presence of
synergistic phototherapy, we examined intracellular ROS pro-
duction using 2,7-dichlorodihydrofluorescein diacetate (DCFH-
DA) as an intracellular 1O2 probe. Under the same laser
irradiation time, bright green fluorescence could be observed
in both BDPN NPs-treated and BDPC NPs-treated groups, while
very weak green fluorescence was detected in the BDPJ NPs-
treated group (Fig. 3b). This result was similar to the produc-
tion of 1O2 by nanoparticles in aqueous solution. Although both
BDPN NPs and BDPC NPs showed better 1O2 production, the

cell survival rate of BDPN NPs in the MTT assays was lower than
that of BDPC NPs, which indirectly suggested that BDPN NPs
have better PTT ability. Thus, the high phototoxicity and no
dark cytotoxicity demonstrated that BDPN NPs can be used as
an effective PS for the synergistic phototherapy.

Furthermore, in order to visually observe the photothera-
peutic effect of BDPN NPs, BDPC NPs and BDPJ NPs, the
combined live/dead cell staining assay was performed on 4T1
tumor cells using calcein AM (green, live cells) and PI (red, dead
cells), thus achieving the visualisation of cell viability. Firstly,
the photocytotoxicity and dark cytotoxicity of these NPs
(0.6 mg mL�1) were investigated by fluorescent microscope.
According to Fig. 3e and Fig. S32 (ESI†), the 4T1 tumor cells
treated with BDPN NPs and BDPJ NPs in the darkness exhibited
the same green fluorescence as the control group with almost
no death, which also visually demonstrated the good dark
toxicity of BDPN NPs and BDPJ NPs. However, sporadic red
fluorescence in the BDPC NPs-treated group indicated that
BDPC NPs remained toxic at this concentration, resulting in a
small amount of cell deaths. In contrast, under 808 nm laser
irradiation (1.0 W cm�2), the BDPN NPs-treated group exhibited
significant red fluorescence, indicating that the intense photo-
toxicity of BDPN NPs killed almost all the cells, and the
increased red fluorescence in the BDPC NPs-treated group
indicated the presence of a slight phototherapeutic effect.
However, the BDPJ NPs-treated group still exhibited strong
green fluorescence, remaining no significant apoptosis. Subse-
quently, the photocytotoxicity and dark cytotoxicity of BDPC
NPs (1.0 mg mL�1) and BDPJ NPs (2.0 mg mL�1) at IC50

were assayed (Fig. S33, ESI†). Under 808 nm laser irradiation
(1.0 W cm�2), both BDPC NPs-treated and BDPJ NPs-treated groups
showed nearly half of the cells death. The results of live/dead cell
staining assay were in good agreement with the results of the MTT
assay and provided further evidence that BDPN NPs had a good
phototherapeutic effect at lower concentrations.

Multimodal imaging in vivo

To verify the efficacy of BDPN NPs, BDPC NPs and BDPJ NPs
in vivo, a well-established 4T1 xenograft mouse model was
employed. The imaging and treatment effects were investigated
by in situ injection of the three NPs (0.15 mg kg�1) into 4T1
tumor-bearing mice under 808 nm (1.0 W cm�2) laser irradia-
tion. Firstly, in vivo NIR fluorescence imaging was explored by
cutting off the wavelengths below 900 nm through an optical
low-pass filter (OLPF) to acquire the tumor fluorescence emis-
sion signal at different time points (Fig. 4b and d). The
fluorescence at the tumor site was gradually enhanced and
reached a maximum at 24 h after injection, indicating that the
nanoparticles were gradually taken up by the 4T1 tumor cells.
BDPN NPs and BDPC NPs showed a slightly stronger NIR
fluorescence imaging capability, which is more consistent with
the fluorescence quantum yields of them in water. Then, the
fluorescence was gradually diminished, but still showed after
48 hours, suggesting that these NPs have strong tumor reten-
tion and stable bioimaging capabilities, allowing real-time
monitoring of the drugs and timely feedback on treatment.
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To explore PTT effect in vivo, we monitored the temperature
changes at tumor site in mice under 808 nm laser irradiation
(1.0 W cm�2, 10 min) with a thermography. Notably, tempera-
ture of the tumor site in the PBS-treated group was only
increased by approximately 7 1C after 10 min laser irradiation,
while that in the BDPN NPs-treated, BDPC NPs-treated and
BDPJ NPs-treated groups was increased by approximately 20 1C,
11 1C and 17 1C, respectively (Fig. 4a and c). Because of their
high photothermal conversion efficiency, BDPN NPs and BDPJ
NPs have shown excellent photothermal therapeutic capabil-
ities and photothermal imaging capabilities in vivo. In addition,
the PA signal is a pressure wave generated by thermal expan-
sion, which is caused by the release of heat from the PS at the
tumor by laser irradiation. Therefore, PA signals usually accom-
pany the PTT process. Subsequently, we examined the PAI
capability of the NPs in vivo. BDPN NPs and BDPJ NPs had
better PAI capabilities with a better signal-to-back ratio, while
BDPC NPs had weaker signals due to lower PCE, and the results
were consistent with PTT effect (Fig. 4e). Furthermore, we have
also observed that the PA signal generated by NPs displayed the
concentration dependent in the tissue simulation experiment
(Fig. 4e and Fig. S35, ESI†). All the above results showed that
NPs with multimodal imaging, including NIR FLI/PTI/PAI, had
great promise in accurately guiding phototherapy in vivo.

Antitumor therapy in vivo

Encouraged by the astonishing phototherapy effect in vitro, the
anticancer capability of BDPN NPs, BDPC NPs and BDPJ NPs
was inspected in the 4T1 tumor-bearing mice. The mice bearing
4T1 tumors were randomly split into 8 groups (n = 6 per group)
for different treatments, and the efficacy and drug safety of the
combination therapy were also assessed by measuring the
tumor size and mice weight at different times (Fig. 5a and b).
Tumor volumes were increased about 11-fold in all non-laser
groups, indicating no effect on tumor growth in the absence of
laser-activated drugs. In the 808 nm laser irradiation group,
tumor volumes were increased approximately 9-fold in the PBS-
treated group, demonstrating that laser irradiation alone with-
out drugs was unable to inhibit the tumor growth. In contrast,
in the laser-irradiated BDPC NPs-treated group, the tumor
growth was slowed and began to ablate on the 10th day of
treatment, eventually increasing by about 3 times due to the
limited absorption of NPs at 808 nm and only PDT effect.
However, tumors in the BDPN NPs-treated group and BDPJ
NPs-treated group began to ablate on day 6 and 8 of treatment
under laser irradiation, respectively. Moreover, the laser-
irradiated BDPN NPs-treated group demonstrated fastest tumor
treatment efficiency, which proved the effectiveness of the
combined PDT/PTT treatment.

Fig. 4 (a) Infrared thermal images and (c) temperature elevation at the tumor sites recorded for 4T1 tumor-bearing mice injected with PBS, BDPN NPs,
BDPC NPs and BDPJ NPs under 808 nm laser irradiation (1.0 W cm�2), respectively. (b) Fluorescence images and (d) mean fluorescence intensity at the
tumor sites recorded for 4T1 tumor-bearing mice injected with BDPN NPs, BDPC NPs and BDPJ NPs under an 808 nm excitation filter (1.0 W cm�2) and
900 nm emission filter, respectively. (e) PA images at the tumor of the mice treated with BDPN NPs, BDPC NPs and BDPJ NPs, and PA images of BDPN
NPs at different concentrations.
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To further validate the efficacy of PDT in vivo, the production
of 1O2 was examined in excised tumors tissue using DCFH-DA
as a ROS indicator. As shown in Fig. 5c and Fig. S36 (ESI†), the
laser-irradiated BDPN NPs-treated group showed brighter green
fluorescence, demonstrating that more 1O2 in the tumor tissue
and better PDT effect. Additionally, BDPC NPs also had good
PDT effect, which were consistent with the results of in vitro
experiments. Subsequently, the antitumor efficacy of BDPN
NPs, BDPC NPs and BDPJ NPs was analyzed. Hematoxylin-
eosin (H&E) staining was performed on the excised tumors
for histopathological analysis (Fig. 5c and Fig. S36, ESI†). There
were more tumor necrotic areas in the laser-irradiated BDPN
NPs-treated and laser-irradiated BDPJ NPs-treated groups than
the laser-irradiated BDPC NPs-treated group which were repre-
sented by cell volume reduction, nucleoplasmic condensation
and nucleolus fragmentation of the nuclear membrane. The
results were further confirmed by the TUNEL staining experi-
ment (Fig. 5c and Fig. S36, ESI†). The tumor tissues in the laser-
irradiated BDPN/BDPJ NPs-treated groups exhibited more
apoptotic signals. Subsequently, Ki67 staining, a marker of cell
proliferation, showed more cell proliferation in the groups
without laser irradiation, while the tumor groups with both
BDPN NPs and laser showed almost no proliferation and high-
est levels of apoptotic (Fig. 5c and Fig. S36, ESI†). Based on the

above series of in vivo tests, it demonstrated that BDPN NPs had
the best synergistic effect of PDT and PTT, leading to rapid
tumor ablation.

Biosafety analysis

During the 18-day observation, the mice in the no-laser groups
all showed a slight increase in body weight due to tumor
growth, while the laser-irradiated mice showed no significant
change in body weight (Fig. 5b), indicating that BDPN NPs,
BDPC NPs and BDPJ NPs all have good biosafety in vivo. In
addition, to assess the biocompatibility of the NPs, major
organs (heart, liver, spleen, lungs and kidneys) of the executed
mice were taken for H&E staining. As shown in Fig. 6 and
Fig. S37 (ESI†), there was no significant difference in the
morphology of the major organs among the 8 groups, suggest-
ing negligible cell and tissue damages. Furthermore, the blood
of the mice was used for blood routine analysis and blood
biochemistry. No obvious changes were observed in the blood
hematology (Fig. S39, ESI†) and blood biochemistry (Fig. S38,
ESI†) of all groups of the mice, suggesting the excellent
biocompatibility of the as-prepared NPs. The above results
collectively verified that the as-prepared BDPN NPs were a class
of preeminent PSs with favorable biosafety and therapeutic

Fig. 5 (a) Tumor growth profile of the mice in different treatment groups. Significance (*p o 0.05, **p o 0.01, ***p o 0.001) was verified by one-way
ANOVA. (b) Body weight of the mice in different treatment groups. (c) H&E, TUNEL, Ki67 staining and DCFH-DA analysis of tumor sections from 4T1
tumor-bearing mice treated with PBS, BDPN NPs, BDPC NPs and BDPJ NPs under 808 nm laser irradiation (1.0 W cm�2, 5 min), respectively. All the scale
bars are 100 mm.
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efficacy, which had potential to multiple imaging-guided syner-
gistic PDT/PTT.

Conclusions

In summary, we had successfully introduced different electro-
nic structures at the 3,5-positions of BODIPY to form four
amphiphilic iodine-containing BODIPYs with D–A–D structure.
Stable nanoparticles (BDPN NPs, BDPI NPs, BDPC NPs and
BDPJ NPs) were informed in water by self-assembly, and
J-aggregation existed in different degrees due to the introduc-
tion of hydrophilic chains and iodine atoms. Satisfyingly, the
formed NPs did not aggregate completely, and there were still
free molecules in the nano-cavities, making it possible to
combine FLI/PTI/PAI/PDT/PTT. As expected, the self-
assembled BDPN NPs were able to promote an optimum
balance between fluorescence, photothermal and photody-
namic properties, and exhibited high fluorescence quantum
yields (3.0%), PCE (54.9%) and 1O2 production (40.76%). More
importantly, BDPN NPs exhibited excellent FLI/PTI/PAI-guided
PTT/PDT synergistic therapeutic capabilities both in vitro and
in vivo, whereas BDPC NPs and BDPJ NPs could not possess all
the capabilities synchronously. In addition, BDPN NPs
also displayed good biocompatibility. This work had exploited
a prospective BODIPY nanoparticles through hydrophilic
and halogen bonding interactions that contribute to effective,
safe and versatile cancer theranostics. Further, more precise

therapeutically integrated nanomedicines can be developed by
improving the targeting and optical penetration depth of multi-
functional nanoparticles.
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